Introduction
Cellular models of monogenic disorders such as fragile X syndrome (FXS) have opened up novel possibilities to investigate mechanisms of brain development and pathophysiology underlying disorders of the CNS . FXS is a common cause of inherited intellectual disability (Santoro et al., 2012) . In addition to impairments of learning and memory, the FXS phenotype includes abnormalities of sensory processing, activity levels, communication, and social behaviors (Chonchaiya et al., 2009) . A mutation in the Fragile X mental retardation 1 (FMR1) gene causes the loss of the functional FMR1 protein (FMRP) that leads to FXS (Verkerk et al., 1991) . FMRP is an RNA-binding protein that interacts with a number of transcripts encoding presynaptic and postsynaptic proteins and regulates protein translation (Bagni and Greenough, 2005; Darnell et al., 2011) . Maturation of glutamatergic signaling is affected in Fmr1 knockout (KO) mice (Harlow et al., 2010) . In particular, perturbations in signaling downstream of the metabotropic glutamate receptors (mGluRs) underlie circuit abnormalities in FXS (Huber et al., 2002; Dölen and Bear, 2008) and consequent alterations in the AMPA receptor function (Hu et al., 2008) . Developmental changes in Fmr1 KO mouse brain are linked with disturbed neurogenesis and correlate with alterations of fate determination and proliferation capacity of neural progenitor cells (NPCs; Castrén et al., 2005; Bhattacharyya et al., 2008; Luo et al., 2010, Callan and Zarnescu, 2011; . Alterations of brain-derived growth factor (BDNF)/TrkB signaling contribute to an aberrant phenotype of neurons differentiated from cortical FXS NPCs Castrén and Castrén, 2014) . Reduced BDNF expression in double-transgenic FXS mouse with a deletion of one copy of the Bdnf gene normalizes the neural morphology and part of the behavioral phenotype (Uutela et al., 2012) .
Tissue-type plasminogen activator (tPA) is a serine protease that is highly expressed by neuronal and glial cells in the CNS (Melchor and Strickland, 2005) . tPA has been implicated in synaptic plasticity, learning, epilepsy, and excitotoxic cell death (Tsirka et al., 1995; Melchor and Strickland, 2005; Samson and Medcalf, 2006) . Lack of tPA causes disturbances of neurite outgrowth and neuronal migration (Seeds et al., 1999) . tPA cleaves the pro-enzyme plasminogen into active plasmin, but many of its functions may occur independently of plasminogen-dependent pathways (Melchor and Strickland, 2005; Samson and Medcalf, 2006) . The plasminogenic activity of tPA is crucial for processing precursor form of BDNF (proBDNF) to active mature BDNF that is essential for neuronal maturation and plasticity (Pang et al., 2004) . BDNF and glutamate stimulation induce tPA expression that is present in both neurons and glia (Hwang et al., 2011) .
Here, we have explored the role of tPA in neurodevelopmental defects of the Fmr1 KO mouse. We found that tPA expression is altered in differentiating neuronal cells and developing and adult brain of Fmr1 KO mice. Activity-dependent processes are of major importance in neuronal maturation and plasticity and we show that tPA is involved in abnormal intracellular calcium responses to depolarization and neuronal migration during early neuronal differentiation of FMRP-deficient cells.
Materials and Methods
Mice. Fmr1 KO mice (B6.129P2-Fmr1tm1/Cgr/J; Jackson Laboratory) were maintained on the C57BL/6JOlaHsd substrain. Male transgenic and wild-type littermates were used at embryonic and postnatal ages as indicated. Mice were housed in standard laboratory conditions in qualified animal facility in accordance with the National Institutes of Health guidelines. All animal experiments were performed according to the guidelines of the Guide for the Care and Use of Laboratory Animals and European Economic Community Council Directive. The studies were approved by the Experimental Animal Ethics Committee of the National Laboratory Animal Center, Finland.
Brain tissue. Pregnant mice were killed by cervical dislocation and pups by decapitation under CO 2 anesthesia. Cell cultures were prepared from brains of male pups at embryonic day 14 (E14). The postnatal day 7 (P7) and adult brains were collected freshly and fixed in 4% paraformaldehyde overnight at 4°C. For paraffin sectioning, fixed brains were washed twice with PBS, pH 7.4, and dehydrated through alcohol series: 70% ethanol for 2 h, 96% ethanol for 2 h, and 100% ethanol overnight at 4°C. Then brains were treated twice with xylene (Riedel-de Haën) for 2 h before immersion in paraffin overnight at 60°C. The next day, brains were molded into paraffin and cut into 20 m coronal sections onto object glasses with a microtome (HM 355 MICROM; Thermo Scientific) .
Cell cultures. NPCs were propagated from the wall of lateral ventricles of wild-type and Fmr1 KO pups as described previously . Cells were grown as free-floating aggregates referred to as neurospheres in Dulbecco's modified Eagle's medium F-12 nutrient mixture (DMEM/F-12) medium containing B27 supplement (both from Invitrogen Life Technologies), L-glutamine (2 mM), HEPES (15 mM), penicillin (100 U/ml), and streptomycin (100 U/ml) (all from Sigma-Aldrich) in the presence of basic fibroblastic growth factor (10 ng/ml) and epidermal growth factor (20 ng/ml) (both from PeproTech) in a 5% CO 2 -humidified incubator at ϩ37°C. The culture medium was refreshed and growth factors were added three times per week. The cells were passaged by manual trituration at ϳ2 week intervals. Neurospheres were differentiated in culture medium without mitogens and the neutralizing anti-murine tPA antibody (American Diagnostica) or normal IgG control antibody (Peprotech) was added to the cell culture medium (200 ng/ml) as indicated at the beginning of the differentiation.
Immunostaining. Immunostaining of brain sections was performed as described previously (Tervonen et al., 2009) . Briefly, the paraffin sections were sequentially deparaffinized 3 times in xylene for 10 min and thereafter rehydrated in 100% ethanol, 96% ethanol, 70% ethanol, and distilled water for 5 min each. For antigen retrieval, the sections were boiled in 10 mM citrate buffer, pH 6.0, for 15 min. Sections were permeabilized and nonspecific labeling was minimized by incubation with PBS containing 0.5% Triton X-100 and 20% normal goat serum (NGS) for 1 h at room temperature (RT). Thereafter, samples were incubated with the primary antibody overnight at ϩ4°C. The primary antibodies were rabbit anti-PLAT (1:50; Proteintech), rabbit anti-PAI-1 (1:500; Abcam), chicken glial fibrillary acidic protein (GFAP, 1:1000; Abcam), and rabbit full-length-specific anti-TrkB (1:150; Santa Cruz Biotechnology). Secondary antibodies Alexa Fluor 488 antichicken IgG and Alexa Fluor 568 and 594 anti-rabbit IgG (1:500 -1000 for brain sections and 1:500 for cells; Invitrogen) were applied for 1 h at RT. The cell nuclei were counterstained with 4Ј6-diaminodino-2-phenylindole (DAPI, 0.1 mg/ml, Boehringer Mannheim).
For immunocytochemistry of differentiated neurosphere cells, neurospheres were plated on cover glasses coated with 10 g/ml poly-D-lysine (Sigma-Aldrich) and 5 g/ml laminin (Invitrogen) in culture medium without mitogens and cells were differentiated for 24 h. Cells were fixed with 4% paraformaldehyde in PBS for 10 min at RT and permeabilized with 100% ice-cold methanol. Thereafter, nonspecific staining was blocked with PBS containing 20% NGS or 10% NGS and 0.2% Triton-X for 60 min at RT. Cells were then incubated with the following primary antibodies overnight at 4°C: anti-brain lipid binding protein (BLBP; 1:750; Millipore), anti-doublecortin (anti-DCX, 1:1000; Millipore), and anti-tPA (10 mg/ml; American Diagnostica). Secondary antibodies were applied for 45 min at RT. Secondary antibodies used were Alexa Fluor 488 (green) and Alexa Fluor 568 (red) antibodies (Invitrogen). The disappearance of all staining was seen in negative controls when primary antibodies were omitted. Samples were mounted using Vectashield mounting media containing DAPI for nuclear staining (blue; Vector Laboratories)
Image analysis. The fluorescent stained brain sections and differentiated NPCs were viewed and images were obtained with the LSM 5 Pascal laser scanning confocal microscope (Zeiss) and analyzed with the image analysis program ImageJ. Image stack sizes were 1520 m height ϫ 1520 m width ϫ 2095 m in z-dimension for the cortical parts of the brains, 595 m width ϫ 595 m height ϫ 1676 m in the z-dimension for the hippocampus, and 632 m width ϫ 632 m height ϫ 134 m in z-dimension for differentiating NPCs. The staining intensity in the hippocampal and cortical samples was measured as integrated density. The Calcium imaging. Calcium imaging was performed essentially as described previously (Kärkkäinen et al., 2009) . For the experiments, 20 -30 neurospheres were plated on poly-DLornithine-coated 25 mm cover glasses. After differentiation for 24 h in the presence or absence of tPA, antibody cells were incubated with 4 M fura-2 acetoxymethylester (fura-2/ AM, dissolved in 4 mM dimethyl sulfoxide; Sigma-Aldrich) at 37°C for 20 min in HEPESbuffered medium (HBM), pH 7.4, consisting of the following (in mM): 137 NaCl, 5 KCl, 0.44 KH 2 PO 4 , 4.2 NaHCO 3 , 2 CaCl 2 , 0.5 MgCl 2 , and 10 glucose. For high potassium chlorideinduced depolarizations, NaCl was isoosmotically replaced with 70 mM KCl. The cover glasses were attached to a perfusion chamber and perfused in HBM 2 ml/min at 37°C. The cells were excited by alternating wavelengths of 340 and 380 nm using narrow band excitation filters. Light emission was measured through a 430 nm dichroic mirror and a 510 nm barrier filter with an integrating charge-coupled device camera (Cohu). An image (ratio 340 nm/380 nm) was acquired each second and up to 100 cells in one neurosphere were recorded simultaneously.
Time-lapse imaging and cell tracking. Cellular movement was monitored in a cell-culturing instrument combining phase-contrast microscopy, automation, and environmental control (Cell-IQ system; Chip-Man Technologies). The imaging system enables continuous monitoring of adherent cells in two plates in an integrated plate holder without the use of labels or dyes. Timelapse image series of neurosphere cultures were captured after plating and removal of mitogens. Image analysis was performed using ImageJ freeware and motility was analyzed using MTJ track software.
Statistical analysis. Data are expressed as the mean Ϯ SEM and were analyzed for statistical significance using Student's t test or one-way ANOVA followed by the Bonferroni test as post hoc test. A p value Ͻ 0.05 was considered significant; Bonferroni correction p value Ͻ 0.05 false discovery rate.
Results
Increased tPA expression in NPCs derived from Fmr1 KO mice and its effects on the neuronal migration We found that the number of tPA-immunoreactive cells was increased in the differentiated NPCs derived from the Fmr1 KO mice compared with wild-type controls after differentiation for 7 and 14 d (Fig. 1A) . The tPA staining colocalized with the astrocytic marker GFAP after differentiation for 7 d (Fig. 1B) . The tPA expression did not colocalize with the neuronal marker MAP2 (Fig. 1C ). An increased tPA expression was also clearly seen in FMRP-deficient glial cells after differentiation for 3 d (Fig. 1D) . The data suggested that tPA is involved in the pathological glial signaling that contributes to the abnormal neuronal maturation in FXS (Jacobs and Doering, 2010).
NPCs grown in neurosphere cultures mimic cellular processes during early brain development (Martino et al., 2009) . In the neurosphere model, differentiating cells migrate out from the neurosphere cell cluster and show neural cell morphology and immunoreactivity to neuronal and radial glial (RG) markers. In time-lapse imaging using the Cell-IQ system, the migration of cells in differentiating neurospheres displays temporal profiles (Jansson et al., 2012) . We compared the migration of wild-type and FMRP-deficient cells after plating and removal of mitogens in images captured over 24 h at 15 min intervals We found that neuron-like cells in FMRP-deficient neurospheres migrated longer radial distances from the edge of neurosphere cell cluster than neuron-like cells in wild-type neurospheres after differentiation for 24 h ( Fig. 2A) , although the variation of the phasic behavior Figure 2 . Effects of tPA on the migration of differentiating FMRP-deficient cells. A, In time-lapse imaging using the Cell-IQ system, the distance migrated by neurons from the edge of neurosphere cell cluster was significantly longer in neurospheres derived from Fmr1 KO mice than in wild-type (WT) controls after differentiation for 24 h (Student's t test, *p ϭ 0.014) and the treatment with the neutralizing tPA antibody (KO ϩ tPA ab) prevented the difference. The data are from 3-6 neurospheres in 3 experiments. B, Images of a representative neurosphere stained with DCX (red) and the radial glia marker BLBP (green) and the double staining (DCX ϩ BLBP) used in the immunocytochemical analysis of neuronal migration in neurospheres differentiated for 24 h. The arrow denotes the outmost migrated DCX-immunopositive neuron and the dashed line the edge of the neurosphere. Scale bar, 50 M. C, The average distance moved by the outmost migrated DCX-immunopositive neurons was significantly increased in FMRP-deficient neurospheres compared with wild-type controls and blockage of tPA with a neutralizing antibody normalized the migration defect (ANOVA, Bonferroni test, n ϭ 15, *p ϭ 0.013, **p ϭ 0.008, ns ϭ 0.955). D, The distance reached by radial glia in neurospheres derived from wild-type (WT) and Fmr1 KO mice did not differ during the differentiation for first 24 h. Treatment with the tPA antibody (KO ϩ tPA ab) enhanced significantly the length of the processes after differentiation for 3, 6, 9, and 24 h compared with untreated controls in neurospheres derived from Fmr1 KO mice (Student's t test; *p Ͻ 0.05). Data are from wild-type neurospheres (n ϭ 15) and neurospheres derived from Fmr1 KO mice (untreated n ϭ 18 and treated with the tPA antibody n ϭ 15) in three experiments. E, Interkinetic nuclear migration in radial glia was analyzed in time-lapse image sequences. F, Velocity of the interkinetic nuclear migration was reduced (Student's t test, *p ϭ 0.041) in differentiated neurospheres derived from Fmr1 KO mice after treatment with the neutralizing tPA antibody (KO ϩ tPA ab), but the velocity of the nuclear migration did not differ between nontreated wild-type (WT) neurospheres and neurospheres treated with the tPA antibody (WT ϩ tPA ab). The data are from 3 experiments (n ϭ 4 -6 cells/experiment). Values are means Ϯ SEM.
of cellular movement was high. The migration of neuron-like FMRP-deficient cells did not differ from wild-type controls after treatment with a neutralizing tPA antibody (Xin et al., 2010) (Fig.  2A) . In immunocytochemical analysis, we observed that neurons expressing DCX, a microtubule-associated protein found selectively in migrating newborn neurons (Gleeson et al., 1999) , traveled significantly longer distances in FMRP-deficient neurospheres compared with wild-type controls (Fig. 2B,C) . Blockage of tPA with the neutralizing antibody normalized the migration distance of DCX-immunopositive FMRP-deficient cells (Fig.  2C) . A control IgG did not have any effects on the neuronal migration, confirming the specificity of the effects of the tPA antibody (data not shown).
In the time-lapse imaging, thick processes of RG start to extend from the neurospheres during the first hours of differentiation (Jansson et al., 2012) . The length of RG extensions did not differ between neurospheres derived from wild-type and FMRPdeficient mice during first 24 h of differentiation assessed in 3 h intervals (Fig. 2D ). The treatment with the tPA antibody increased significantly the distance reached by FMRP-deficient RG compared with nontreated RG after differentiation for 24 h (Fig.  2D) . Blockage of tPA enhanced the distance reached by FMRPdeficient RG already at the earlier time points of differentiation (after 3, 6, and 9 h), indicating that tPA-mediated mechanisms regulated the differentiation of neuronal cells from very early stages of differentiation. RG cells attached to the neurosphere cell cluster display cell cycle-dependent nuclear movement referred to as interkinetic nuclear migration (INM; for review, see Kawauchi et al., 2013) . We observed that the velocity of the INM in differentiating RG was significantly reduced in FMRP-deficient neurospheres by treatment with the tPA antibody, suggesting that altered INM contributed to the restoration of the migration defect (Fig. 2E,F ) .
tPA modulates intracellular Ca 2؉ responses to depolarization in differentiating cells
Spontaneous activity regulates a variety of developmental processes (Moody and Bosma, 2005) . Activity is of fundamental importance to maturation of ion channels and the transition between embryonic and mature signaling properties. We explored tPA-mediated effects on intracellular calcium ([Ca 2ϩ ] i ) responses to depolarization with high extracellular potassium ([K ϩ ] e ). We performed Fura2-AM-based [Ca 2ϩ ] i recordings in wild-type and FMRP-deficient cortical progenitor cultures derived from embryonic mouse brains. For analysis, the cell migration area starting from the edge of the neurosphere and reaching to the outermost migrated cells was divided into 3 zones (zones 1-3) and [Ca 2ϩ ] i responses in individual cells migrated out from the neurosphere cell cluster were recorded (Fig. 3A) . Depolarization with 75 mM [K ϩ ] e induced changes in [Ca 2ϩ ] i in a large majority of cells after differentiation for 24 h (Fig. 3B) . The responses to depolarization with 17 and 75 mM [K ϩ ] e were significantly augmented in zones 2 and 3 under basal conditions in cells derived from Fmr1 KO mice compared with wild-type controls (Fig. 3C,D) . Repeated exposure to potassium caused an enhanced [Ca 2ϩ ] i response in FMRP-deficient cells (data not shown). As shown in Figure 3E, The results indicate that responses to depolarization are enhanced in FMRP-deficient neuronal cells during early differentiation and that the tPAmediated mechanisms contribute to the changes in the activitydependent processes.
Altered tPA expression in the developing brain of Fmr1

KO mice
In agreement with the altered tPA expression in NPCs derived from Fmr1 KO mouse embryos, we observed abnormal pattern of tPA expression in the embryonic brain of Fmr1 KO mice at E17 (Fig. 4A) . The specificity of the tPA staining was confirmed by negative controls without primary antibody and, as shown in Figure 4B , the unique pattern of tPA expression clearly differed from that of tropomyosin-related kinase B (TrkB) receptors as a control staining. The expression pattern of tPA was significantly altered in brain of Fmr1 KO male mice compared with wild-type controls at P7, as shown in Figure 4C . The number of tPA-positive cells was increased (1.8-fold) in cortical layers I-III, but decreased (0.7-fold) in layers IV-V in the Fmr1-KO mouse brain (Fig. 4C,D) . The number of cells with tPA expression was also increased (3.2-fold) in the dentate gyrus of the hippocampus of Fmr1 KO mouse, whereas the number of cells with PAI-1 expression was decreased (0.7-fold), indicating that the inhibitory mechanisms for tPA expression were suppressed (Fig. 4E,F) .
Altered tPA expression in adult brain of Fmr1 KO mice
To determine whether alterations of tPA expression persist in the mature brain, we examined the tPA expression in adult brain of Fmr1 KO mice by immunohistochemistry. We found that the expression of tPA was increased in the somatosensory and visual cortex and in the dentate gyrus of the hippocampus in the FMRPdeficient transgenics compared with wild-type controls (Fig. 5A-D) . The expression of tPA was increased, particularly in the cortical layer IV, the main input layer of the cortex, which might contribute to the plasticity changes in FXS. The expression of tPA colocalized with the expression of glial fibrillary acidic protein (GFAP) in the cortex (Fig. 5C ) and in the hippocampus (Fig. 5D ). In the hippocampus, however, tPA expression was not found in all GFAP-positive cells as in the cortex (Fig. 5D ).
Discussion
Multiple functions are attributed to tPA in the CNS, where the tPA expression is found in vascular endothelial cells and in both neurons and glia (Kalderon et al., 1990; Ware et al., 1995) . Mesenchymal stem cells can induce astrocytes to secrete tPA (Xin et al., 2010) and tPA is expressed in activated glial cells in regions of inflammatory damage and gliosis (Teesalu et al., 2002) . The function of tPA in synaptic plasticity is associated with the tPA-driven conversion of plasminogen to plasmin, which activates proBDNF to its mature form (Pang et al., 2004) . Plasmin-independent entzymatic activity of tPA potentiates glutamatergic signaling (Nicole et al., 2001; Fernández-Monreal et al., 2004) . Furthermore, tPA has been shown to display antiapoptotic activity and protection against ischemic damage or zinc toxicity independently of its proteolytic activity Yi et al., 2004) . Here, we have explored the role of tPA in developmental abnormalities found in the brain of Fmr1 KO mice. We observed that the expression of tPA is increased in glial cells differentiated from neural progenitors derived from Fmr1 KO mice compared with wildtype controls. In agreement with the upregulated tPA expression in the immature cultured cells, tPA expression was also increased in the supragranular layers of postnatal brain lacking FMRP. The [Ca 2ϩ ] i responses to depolarization were enhanced in FMRPdeficient progenitors and treatment with an antibody against tPA normalized the augmentation of the [Ca 2ϩ ] i responses. The increased immunoreactivity of tPA in the cortex and hippocampus of adult brain of Fmr1 KO mice extends the role of tPA to perturbations in mature brain. Together, our results demonstrate that tPA-mediated processes are involved in the aberrances of neuronal maturation and plasticity in FXS.
Activity-dependent Ca 2ϩ signaling promotes neurogenesis and changes in free [Ca 2ϩ ] i modulates the speed and direction of cell migration, cell proliferation, and programmed cell death (D'Ascenzo et al., 2006; Brustein et al., 2013) . We found that activity-dependent [Ca 2ϩ ] i responses were significantly enhanced in FMRP-lacking neural progenitors differentiated for 24 h. Blocking the tPA function with an antibody did not significantly affect the responses in wild-type cells, but reduced the responses to depolarization in FMRP-deficient cells to the wildtype levels. Ca 2ϩ influx through functional voltage activated channels in neural progenitors has been shown to correlate with the neural progenitor differentiation toward the neuronal lineages and migration of neurons (Brustein et al., 2013) . Enhanced migration of DCX-positive neurons during early differentiation of FMRP-deficient neurospheres and an increased production of neuroblasts in the expense of glia from FMRP-deficient embryonic cortical NPCs suggest alterations in the maturation and expression of ion channels in the absence of FMRP. The present results show that the treatment with the neutralizing tPA antibody normalizes the migration defect and [Ca 2ϩ ] i responses to depolarization in FMRP-deficient neurospheres under our culturing conditions, indicating that tPAmediated mechanisms play a role in aberrances observed in FMRP-deficient NPCs.
Neuronal migration is a fundamental mechanism for the generation of brain circuitries and wiring of the brain. Integrated radial and tangential migration position cells of different origin into specific coordinates during development of cerebral cortex. FMRP has been implicated in the regulation of neuronal migration (Moro et al., 2006; Tervonen et al., 2009 ), but the role of FMRP in the control of the migration of different neuronal subtypes and maintaining the homeostasis during brain development is not well understood. Nuclei of neural progenitors show salutatory movement that is associated with Ca 2ϩ transients and correlate with the speed of cell migration (Pearson et al., 2005) . There is evidence that INM is involved in cell fate determination of neural progenitors. Perturbation of INM by downregulation of centrosome-and microtubule-associated proteins has been shown to disrupt maintenance of the neural progenitor pool and enhance neurogenesis at the expense of neural progenitor cells (Xie et al., 2007; Del Bene et al., 2008) . Mutations in LIS1 and DCX genes disturb the regulation of nucleokinesis during neuronal migration and result in neurological syndromes with migration defects of cortical neurons. Treatment with the tPA antibody retarded the velocity of INM in FMRP-deficient progenitors and normalized the radial movement of DCX-expressing cells in differentiated FMRP-deficient neurospheres, indicating that the increased glial tPA expression was associated with alterations in the migration of FMRP-deficient neurons.
Dysregulated protein synthesis related to group 1 mGluR activation has been shown to underlie aberrant neuronal plasticity in FXS (Huber et al., 2002; . Glutamate stimulation increases tPA expression and release from neurons via mGluR-dependent mechanisms (Shin et al., 2004) . Astrocytes constitutively endocytose extracellular tPA that is released from astrocytes in a regulated manner (Cassé et al., 2012) and this astrocytic uptake/recycling of tPA buffers extracellular tPA concentration and reduces NMDA receptor-mediated neurotoxicity. Extracellular glutamate promotes accumulation of tPA in astrocytes and increased tPA expression in FMRP-deficient glial cells is likely linked with alterations found in the maturation of glutamatergic neurons and glutamate signaling in FXS (Mataga et al., 2002; Harlow et al., 2010) . FMRP is expressed in cells of glial origin during development and glial defects have been shown to contribute to the aberrances of the neuronal differentiation and migration in FXS Pacey and Doering, 2007) . How the absence of FMRP affects glial function and the heterogenous population of astrocytes is not known. The abnormal morphology and reduced survival of FXS neurons can be partially restored when neurons are cocultured with wild-type astrocytes, in agreement with glial defects in the absence of FMRP (Jacobs and Doering, 2010) .
Alterations of the tPA expression in differentiating FMRPdeficient progenitors are consistent with abnormalities observed in the tPA expression in the developing brain of Fmr1 KO mice. Substantial changes take place in the laminar distribution of neurons during brain development and alterations of the relative proportion of neurons in infragranular and supragranular layers may lead to disturbances in the ranking of brain regions to hierarchical levels during the developmental remodeling of cortical connectivity (Wen et al., 2013) . The supragranular layers mediate the ability of cortical neurons to adjust their synaptic efficiency in response to changes in sensory input (Huang et al., 1998) . The number of the neuronal population is maintained unchanged in the superficial layers of Fmr1 mouse cortex compared with wildtype controls Tervonen et al., 2009; Saffary and Zhigang, 2011) and the increased tPA expression in the superficial layers could contribute to the FXS phenotype by enhancing the inhibitory effects of tPA on the glutamate-evoked apoptosis. The increased tPA expression in adult cortex of Fmr1 mouse indicates a role for tPA in the neuronal plasticity also in the mature brain. Spatiotemporal changes of the tPA function both in wild-type and FXS brain, however, remain to be studied. The proteolytic effects of tPA on the maturation of pro-BDNF link changes in tPA expression with alterations of BDNF/TrkB signaling in NPCs derived from Fmr1 KO mice. Further studies also elucidating the role of other substrates of tPA and both proteolytic and nonproteolytic functions of tPA in NPCs will establish whether tPA may prove to be an interesting potential target for pharmacological intervention in FXS. 
